Multi-dimensional force/torque sensor is an important part of the rehabilitation robot system. Double holes strain beam is a sensitive structure of force sensor with high precision and high stability. Also it has the advantage of load invariance and deformation parallelogram. According to the requirements of force sensor for the rehabilitation robot system, a novel five-dimensional force/torque sensor based on double holes strain beams was proposed in this paper. Its sensitive structure consists of six double holes strain beams which are divided into three groups. In each group, the common-mode signal is used to measure the spatial force and the differential signal is used to measure the torque. Finite element simulation analysis and experimental results show that the developed five-dimensional force sensor has the advantages of small multi-component coupling and high linearity. The new 5-DOF sensor is a "Θ"shaped structure and the"-" inside of "Θ" is a freely rotating handle that can be used for patients to hold or fix affected limb with a palm gloves. Its comprehensive measurement accuracy can reach 2% FS and can be applied directly to the rehabilitation robot system.
INTRODUCTION
Rehabilitation robot can replace the rehabilitation physician to complete the arduous task and help patients to recover their body functions. With the rehabilitation robot, it is possible to make more patients to improve their life quality. As a result, it is becoming the current hot topic of rehabilitation medicine and robotic subject.
Upper limb rehabilitation robot is mainly used to help human to recover their upper limb movement function. Generally, rehabilitation robots can be divided into three kinds of structural types: the end traction type [1] ～ [3] , exoskeleton type [4] [5] and multi-robot collaborative type [6] . Also there are four modes of rehabilitation process: patient passive training, robot assisted training, damping training, and patient initiative training. Measurement and control of force between the robot and the patient's limb were need no matter which rehabilitation robot type or rehabilitation process to be chosen. Furthermore rehabilitation assessment based on force measurement is always accompanied with rehabilitation process. Therefore, suitable force/torque sensor is particularly important for rehabilitation robots.
Currently, the multidimensional force / torque sensor for robots mainly has three typical structures, i.e. cross beam type [7] , cylindrical type [8] , and parallel mechanism type [9] . According to the principle of electromechanical conversion, this multidimensional force/torque sensor can be divided into strain, capacitive, piezoelectric, electro-hydraulic and other kinds. The most commonly used type is cross beam strain multidimensional force sensor, which is mainly composed of a cross beam sensitive structure, strain gages, and tools platform. Cross beams multidimensional force sensor has two major flaws: error caused by the offset of force action point and dimensional coupling, the two errors is difficult to eliminate. Figure 1 shows the calibration apparatus of a multi-axis force sensor. The sensor 1 associate with standard weights 5 by a certain length of the calibration rod 2, cords 3 and the pulley 4 and the standard force generated by the standard weight is used to calibrate output signals of the force sensor. Tool platform 6 of the sensor is used to mount gripper 7. The length of the platform needs to be same as the calibration rod. Otherwise, if (h0 ≠ h1), the sensor will produce large measurement error. For industrial robots, due to the shape, size and position of the object 8grabbed by the gripper 7 cannot be determined, force action point of the sensor can not be guaranteed, which will lead to a larger sensor measurement error. On the other hand, structural and mechanical interface for multi-dimensional force sensor is designed to measure industrial robot wrist force/torque, but not suitable for human-robot interaction in the rehabilitation process.
According to the need for rehabilitation applications, this paper developed a five-dimension force sensor based on double holes strain beam which is more suitable for measuring the multidimensional force/torque between patient's upper limb and the robot. It not only has simple structure and modular feature, but also has the advantages of small multi-component coupling and low sensitivity of force action point offset. The design methods could be good reference for industrial robot force/torque sensor too. 
CHARACTERISTICSOF THW TWO HOLES STRAIN BEAM
Double holes strain beam is a widely used gravity measure sensor with high precision and high stability. Its basic structure is shown in Figure 2 , dumbbellshaped slot is machined in the section of a square cross-section beam. Since the diameter of the hole is greater than the width of the groove, four strain sensitive position forms at cross1 and cross 2. Thus four same specifications (R11=R12=R21=R22=R) strain gauges were affixed to measure the force P. The bending moment generated by the load P on the cross-sections 1 and 2 is M1＝ (L+L1)P, and M2＝L1×P, respectively.
M1-M2＝(L1+L)P-L1×P＝LP
(1)
In the Wheatstone bridge shown in Figure 2 -b:
k '、k, is the electromechanical transducer constant of strain gauge. Equation 1 shows that the output signal (M1-M2) of the double holes strain beam is only related to distance L, so the output has no relationship with the position of the load P. This feature called the load invariance, which can be used to eliminate the errors brought by the difference between the measured point of force / torque 
and the calibration point of force / torque. Further studies showed that if the stiffness of elastic element is large enough, the strain zone of elastic element changes as parallelogram and load P only causes parallel displacement of the beam, as shown in figure 2-b [10] . This indicates that the double holes beam has a simple deformation, so it can reduce the multi-component coupling of the output signal.
SIMULATION DESIGN
Based on the above principles, we can use the double holes beam to design 2-6D force/torque sensors. In this paper, we developed a five-dimensional force sensor for rehabilitation and its sensitive structure is shown in Figure 3 . It mainly consists of six groups of double holes beams which are similar in structure. They are named A1, A2, B1, B2, C1, C2. In the coordinate system as illustrated in Fig. 3 , double holes beam A1 and A2 are parallel to the X axis and used to measure Fz and My. Double holes beam B1 and B2 are parallel to the Z axis and used to measure Fx. Double holes beam C1 and C2 are parallel to Z axis and used to measure Fy and Mz. Force sensor usually uses aluminum alloy or stainless steel materials. This paper adopts easily processed duralumin alloy. The grade of this material is 2A12 whose elastic modulus is 72GPa. Poisson's ratio of this duralumin alloy is 0.33 and the density is 2.78g/cm3. Section size b×h=25×25mm. The diameter of the holes is 20mm.
Generally, it is difficult and not necessary to solve equation 2 analytically for the multidimensional force/torque sensor. In this study, we use software ANSYS to simulate and provide an approximate result. ANSYS provides a variety of unit used to divide unit mesh. Since the double holes beam has curved boundary, we first use high-precision unit SOLID95 to mesh the solid model. This unit has 20 nodes and each node can translate freely along X, Y and Z axis. It can adapt to the irregular shape and ensure enough accuracy.
The geometry, node position and coordinate system of the unit were shown in Figure4. Secondly, we use the unit setting tool Global-Size in ANSYS to generate free mesh and then further refine the strain-sensitive areas of the two holes beam. The final result is that the mesh has 253504 nodes and 158028 units. The mesh generation of five-dimensional elastic model is shown in Figure 4 . Thirdly, the load will be applied on the model. The value of the load refers to maximum traction of upper limb while a healthy men sit. The force of all of Fx, Fy and Fz was 200N, the torque of My was 29Nm, the torque of Mz is 12Nm. All force/torque applied in the middle of C1 and C2. ANSYS can automatically obtain the strain and stress of sensor structure at a variety of load and get intuitive circumstances. The values of the elastomer strain are shown in Figure 5 and Table I .
In Table I , positive values represent the tensile strain and negative values represent the compressive strain. Then the positive and negative strain are classified and shown in the following Table II. The data in the table show that the force can be measured by common mode signal and the torque can be measured by differential mode signal. The multidimensional force sensor consisted of six double holes beam still inherited parallelogram principle which was shown in figure 2-b. So it's possible to get a 5-axis force/torque sensor with high precision and low coupling error.
The path mapping technology of the ANSYS can be used to further illustrate inter-dimensional coupling error of this sensor. With Fy and Mz, Fz and My as examples, we set the straight path as shown in Figure 4 . The we can map the strain results of load force / torque to this path and display in graphical form, as shown in Figure 6 .
As it can be seen in Figure 6 , the strain sign of Fy and Mz measured by C1 is opposite in the path 4 but the strain sign of Fy and Mz measured by C2 is similar. So the strain of Fy can be conveyed by common mode signal of C1 and C2. The strain of Mz can be conveyed by differential mode signal of C1 and C2. Therefore, the two signals Fy and Mz are independent of each other. The strain sign of Fz and My measured by A2 is opposite in path 3 but the strain sign of Fz and My measured by A1 is similar. Thus, the strain of Fz can be conveyed by the common mode signal of force A1 and A2. The strain of My can be conveyed by the differential mode signal of force sensor A1 and force sensor A2. Similarly, the two signals Fz and My are independent of each other. For quantitative investigation on dimensional coupling of the sensors, the relationship between the bridge output voltage signal (U) and the force(F,M) applied to the sensor can be expressed as：
U=T[Fx Fy Fz My Mz] T (3)
Where T is transformation matrix of multi-dimensional force sensor, and the results obtained by calculating the data in Table 1 
0.067 0.167 223.03
In the above formula, ki is an electromechanical conversion constant of strain gauge, and generally kie quals to k. The transformation matrix T can then be normalized as: 
Due to inter-dimensional coupled interference, the matrix A is not an identity matrix. It means there is signal output from the direction to which no force is applied. But the values of Aij（i≠j） are so small that they can be ignored and therefore the matrix A is an approximation of diagonal unit matrix, which indicates that the structure of the sensor can achieve self-decoupling. The inter dimensional coupling error of corresponding direction can be calculated as following: The results from above equations show that the maximum coupling interference error is 0.48%. Compared with other strain type multi-dimensional force/torque sensor whose maximum simulation dimension interference error is 1.14%F.S[11]、 3.56%F.S [12] , the dimension coupling error of the novel sensor in this paper is greatly reduced. Figure 7 shows the structure of the five dimensional force/torque sensor for rehabilitation. It is composed of a base, six groups of double holes strain beams sensitive structure, a handle, and an isolating hoop. The sensitive structure is described as figure 3 . The role of isolating hoop is to further reduce the coupling error. From the overall shape of view, the new 5-DOF sensor is a"Θ"shaped structure and the"-" inside of"Θ" is a handle. The handle can be used for the patients to hold or fix affected limb with a palm gloves. Two rolling bearings are installed in handle inside, which makes the handle rotate freely. Compared with the "⊕" shaped structure of the traditional multi-dimensional force/torque sensor, the new sensor is easier to grip. Free rotation of the handle makes it easy to follow the movement of the affected limb or rehabilitation robot, which will eliminate additional rotation of the patient's wrist when the robot or limb moves. Furthermore, discomfort or injury caused by the motion will be avoided consequently.
FABRICATIONANDEVALUATION
According to the structure shown in Fig. 1 , the five dimensional force/torque sensor is loaded with calibration force/torque independently and record corresponding output voltage of the sensor. Force/torque-voltage curve of the sensor obtained by using the least squares method is drawn and shown in figure 8 . Linearity of the sensor is calculated and shown in Table III . We can see that the torque measurement linearity is better than force measurement linearity because of difference measurement. Coupling error of the sensor can be calculated and shown in Table 4 , the maximum interference error is less than 1.5%, while dimension coupling error of traditional multi-dimensional force/torque sensor is usually up to 5～10% (without methods of decoupling matrix). Therefore, it can be considered that the new fivedimensional force/torque sensor presented in this paper has the structure decoupling function.
CONCLUSIONS
In this paper, a novel five-dimensional force/torque sensor suitable for rehabilitation was presented. The sensor based on two-hole beam structure has advantages of low coupling, high linearity and precision. It can be seen that the accuracy of the developed sensor reaches up to 2%F.s without calibration by using the decoupling matrix one by one. It meets the requirements of the rehabilitation and has simple production process. Its structure is suitable for patient to grip and convenient for patient to fix their hand on rehabilitation robot. In the future, we will focus on investigating the dynamic properties of the sensor, minimizing its structure size and further improving its accuracy. 
